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ABSTRACT 

! 
The accuracy and long-term s t a h i l i t y  of t i m e  

s c a l e s  a r e  e s t a b l i s h e d  and maintained by r e f e r ence  t o  
t h e  primary frequency s tandards  b u i l t  and operated by 
n a t i o n a l  s tandards  1aboratorFes. The i n t e r n a t i o n a l l y  
accepted  d e f i n i t i o n  of t h e  second is  t h e  s p e c i f i c a t i o n  
f o r  t h e s e  cesium beam primary frequency s tandards .  

4 
>A 
i 

I 

The exper ience  of NRC i n  cont inuously ope ra t i ng  
such s tandards  a s  c locks  ( 2 8  clock-years) is summarized, d 
and t h e i r  c a p a b i l i t i e s  a re  discussed.  Developments t h a t  li 

'j 

I permit b e t t e r  monitor ing of clock parameters  a r e  
I descr ibed.  Poss ib l e  evolu t ionary  changes t o  C s  beam 

clock des ign  a r e  presented and t h e  absence of dramatic  
improvements t o  accuracy i s  discussed.  

! 

The use  of laser-cooled atomic beams i s  examined. 
It appears  a p p l i c a b l e  as  t h e  source  of slow atoms 
r equ i r ed  t o  implement Zachar ias ' s  dream of a foun ta in  
atomic beam wi th  a resonance Linewidth of l e s s  than 1 

500mHz, and ( f o r  Cs) an accuracy approaching p a r t s  i n  
10% 

INTRODUCTION 

The accuracy and long-term stability of t i m e  s c a l e s  are  
e s t a b l i s h e d  and maintained by r e f e r ence  t o  t he  primary frequency 
s t anda rds  b u i l t  and operated by n a t i o n a l  s tandards  l a b o r a t o r i e s .  
Primary frequency s tandards  a r e  cesium beam clocks which have been 
designed s p e c i f i c a l l y  t o  be c e r t i f i a b l e  f o r  accuracy. They a r e  
l a b o r a t o r y  ins t ruments  and a r e  usua l ly  r a t h e r  l a r g e - s e v e r a l  meters  o r  
more i n  length.  They ope ra t e  on t h e  same p r i n c i p l e s  a s  t h e  commercial 
cesium c locks ,  but have s p e c i f l e d  accu rac i e s  t h a t  a r e  about two o r d e r s  
of magnitude b e t t e r .  Thus t h e  commercial cesium c locks  a r e  b e s t  used 
as  secondary frequency s t anda rds  or c locks  c a l i b r a t e d  a g a i n s t  t h e  
primary l abo ra to ry  c locks  a t  time i n t e r v a l s  commensurate wi th  t h e  d r i f t  
r a t e s  of t he  commercial clocks.  This  i s  done annual ly  f o r  example, by 
t h e  Bureau I n t e r n a t i o n a l  de l f H e u r e  ( B I H )  a s  i t  a d j u s t s  t he  average 
r epo r t ed  r a t e s  of commercial clocks from around t h e  world t o  ag ree  w i t h  
t h e  r a t e s  of t h e  primary frequency s tandards.  The r e s u l t i n g  atomic 
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time s c a l e  (TAI) has  both robus t  redundancy from the  commercial c locks  
and t h e  accuracy of t h e  primary frequency s tandards .  

PRIMARY FREQUENCY STANDARDS 

Primary frequency s t anda rds  a r e  b u i l t  t o  a one-sentence 
s p e c i f i c t i o n :  "The second i s  t h e  d u r a t i o n  9 192 631 770 per iods  of t h e  
r a d i a t i o n  corresponding t o  t h e  t r a n s i t i o n  between t h e  two hyper f ine  
l e v e l s  of t h e  ground s t a t e  of t h e  cesium-133 atom". Primary frequency 
s t anda rds  now have s t a t e d  accu rac i e s  a s  smal l  a s  a few p a r t s  i n  1014, 
and i n  t h i s  sense they a r e  t h e  most accu ra t e  devices  ever  b u i l t  by 
mankind t o  any s p e c i f i c a t i o n .  To c e r t i f y  t h i s  l e v e l  of accuracy,  a 
l a r g e  body of t h e o r e t i c a l  and experimental  knowledge is  necessary  t o  
r e l a t e  t he  set of measured phys i ca l  parameters of t h e  clock t o  t h e  
frequency o f f  s e t  genera ted  by each parameter. The process  of 
c e r t i f y i n g  the  accuracy of t h e  frequency from a primary frequency 
s t anda rd  is c a l l e d  "evaluat ion".  A complete eva lua t ion  e n t a i l s  a 
re-measurement of a l l  clock parameters  which can a f f e c t  t he  frequency,  
and i s  now usua l ly  done a t  time i n t e r v a l s  of months t o  yea r s  f o r  each 
primary frequency s tandard.  The r e s u l t s  of t he se  eva lua t ions  are 
r epo r t ed  t o  BIH f o r  t he  adjustment  of t h e  r a t e  of TAI. Four 
l a b o r a t o r i e s  ope ra t i ng  e i g h t  primary frequency s tandards  ( o r  "PI? S") 
r e p o r t  t o  BIH: NBS (USA, lPFS), NRIM (.Japan, l P F S ) ,  PTB (W. Germany, 
2WS) and NRC (Canada, 4PFS). 

P r i o r  t o  1975, a l l  primary frequency s tandards  were opera ted  
i n t e r m i t t e n t l y ,  wi th  t i m e  s c a l e s  being generated by cont inuously 
ope ra t i ng  secondary clocks.  However, a t  t h a t  t i m e  NRC's primary 
frequency s tandard ,  CsV, had demonstrated b e t t e r  short- term s t a b i l i t y  
(u(T) < lomi4 a t  1 day) than  even a l a r g e  ensemble of commercial cesium 
c locks ,  and was thought  capable  of long-term ope ra t i on  ( i t  ha s  opera ted  
cont inuously s i n c e  then w i t h  t h e  except ion  of -1 week i n  1984 when i t s  
ovens needed t o  be re-loaded wi th  10 grams of cesium.) I n  1978, PTB 
p u t  t h e i r  primary frequency s t anda rd  Csl i n t o  continuous operat ion.  
The PTB des ign  was d i f f e r e n t  than o t h e r  cesium c locks ,  having 
approximate a x i a l  symmetry t o  t h e  atoms' t r a j e c t o r i e s  r a t h e r  than 
approximate mir ror  symmetry. The PTB des ign  brought some e x c e l l e n t  
f e a t u r e s  t o  primary frequency s tandards ,  but t h e i r  f l o p  out  des ign  
i n t r i n s i c a l l y  has a l a r g e r  no i se  background, and poorer  short- term 
s t a b i l i t y :  t o  reach  a O(T) of would t ake  about 10 days. In t h e  
long-term, t h e  f r equenc i e s  of C s V  and C s l  have gene ra l l y  agreed wi th in  
5 x 10'14 and these  two c locks  e x h i b i t  an  Allan va r i ance  of less than  
1.6 x out  t o  beyond 1000 days (compared v i a  LORAN-C, Symphonie 
2-way s a t e l l i t e  t ime t r a n s f e r ,  and GPS commonview time t r a n s f e r ) .  

NRC has cons ide rab l e  exper ience  i n  cont inuously ope ra t i ng  
primary frequency s t anda rds  as c locks  (more than  28 clock-years  a t  t h i s  
w r i t i n g ) .  In t h i s  time t h e r e  have been d a i l y  comparisons of t h e  f o u r  
primary clock f r equenc i e s  a t  t h e  l e v e l  of 10-14, and comparisons w i th  
t h e  two NRC masers a s  w e l l .  I n t e r e s t i n g l y ,  many of t h e  i n i t i a l  
pre-1975 t e s t s  of CsV were done vs t h e s e  masers wi th  a high beam 
c u r r e n t  t o  g ive  an Allan va r i ance  of c 10-l4 i n  1 hour. 



-- 

Evaluat ions 

A t  NRC, f u l l  e v a l u a t i o n s  of known sys temat ics  a r e  performed 
annual ly  on a l l  four  primary frequency s tandards.  During a f u l l  
eva lua t ion ,  t h e  frequency of the clock i s  determined from t h e  complete 
se t  of phys ica l  parameters  of t h e  clock a s  measured dur ing  t h a t  
eva lua t ion .  Between f u l l  eva lua t ions ,  t h e  clock frequency i s  
maintained by t h e  s t a b i l i t y  of t h e  phys ica l  parameters of t h e  c lock ,  
supplemented by (sometimes d a i l y )  remeasurement of some phys i ca l  
parameters.  The r e s o l u t i o n  of each  of our  measurements i s  s u f f i c i e n t l y  
good s o  t h a t  t h e  r e s u l t  from t h e  most r ecen t  eva lua t ion ,  considered 
independently of a l l  previous eva lua t ions ,  i s  used a lone  t o  determine 
t h e  c lock  frequency. 

Eva lua t ions ,  and o t h e r  maintenance, i n t e r r u p t  cont inuous clock 
operat ion.  Af t e r  an i n t e r r u p t i o n  the  clock i s  r e s e t  t o  a t i m e  
determined by i t s  frequency i n  r e l a t i o n  t o  t he  o t h e r  primary (and 
secondary) clocks.  Therefore  t h e  time Gcale of each clock depends 
somewhat on the  frequency s t a b i l i t y  of t h e  o t h e r  c locks ,  but i s  
completely independent of t h e  f r equenc i e s  of t h e  o t h e r  c locks.  In t h i s  
way t h e  f requenc ies  of our fou r  primary frequency s t anda rds  a r e  
a v a i l a b l e  t o  t h e  t ime community v i a  t h e  f o u r  t i m e  s c a l e s .  

The most f r equen t  p a r t i a l  eva lua t ion  is now the  C f i e l d  
measurement on t h e  t h r e e  C s V I  clocks.  The measurement procedure using 
t h e  (4,  -1) + + (3, -1) and (4,  +1) 4 + (3, +1) t r a n s i t i o n s 1  i s  now 
semi-automatic and i s  done each working day. The C f i e l d  i n  CsV i s  
much more s t a b l e  and does n o t  r e q u i r e  measurement each  day. 

Trans ien t  Analysis  

The newest a d d i t i o n  t o  our eva lua t ion  procedure has been t h e  
de te rmina t ion  of t h e  v e l o c i t y  d i s t r i b u t i o n  from measurements of t h e  
dependence of t h e  Rarnsey resonance maximum on microwave power level1.  
It i s  now done dur ing  each f u l l  eva lua t ion .  Veloc i ty  d i s t r i b u t i o n s  
t y p i c a l  of t h e  NRC CsVI c locks  a r e  shown i n  Fig .  1. This  s imple method 
provides  a unique v e l o c i t y  d i s t r i b u t i o n ,  has  ample r e s o l u t i o n  t o  
determine t h e  second-order Doppler s h i f t  t o  s e v e r a l  p a r t s  i n  1015, and 
reproduces t h e  Karnsey p a t t e r n  t o  b e t t e r  than 1%. 

The success  of t h i s  method l e d  t o  the  examination of t h e  
swi tch ing  t r a n s i e n t  a r i s i n g  dur ing  square-wave frequency modulation 
both  a s  a f u r t h e r  check on the  v e l o c i t y  d i s t r i b u t i o n  and a s  a p o s s i b l e  
means of monitoring s e v e r a l  c lock parameters while  a c lock  i s  
cont inuous ly  opera t ing .  

The NRC c locks  use square-wave frequency modulation t o  c o n t r o l  
t h e  frequency of t h e  master  5 MHz VCXO u s ing  t h e  9.192 GHz microwave 
Ramsey resonance. The l i newid th  i s  60 Hz f o r  C s V  and about 90 Hz f o r  
t h e  C s V I ' s .  The modulation depth  i s  k33 Hz f o r  C s V  and f 4 6  Hz f o r  t h e  
C s V I ' s .  C s V  and CsVI-C ope ra t e  a t  a swi tch ing  r a t e  of 0.08 Hz, whi le  
CsVI-A and CsVI-B a r e  normally operated a t  0.8 Hz. Each time t h e  



frequency i n  t he  microwave c a v i t y  changes, t h e  Cs atoms i n  t he  beam 
between the  two Ramsey i n t e r a c t i o n  reg ions  exper ience  f i r s t  a  pu l se  of 
one microwave frequency,  then a  pu lse  of t h e  second frequency. It i s  
s t r a igh t fo rward  t o  extend Ramsey 's a n a l y s i s 2  t o  t h i s  s i t u a t i o n ,  and 
show t h a t  t h e  t r a n s i t i o n  p r o b a b i l i t y  f o r  a  p a r t i c u l a r  v e l o c i t y  has  a 
s i n u s o i d a l  t r a n s i e n t  from t h e  s t eady - s t a t e  base l ine .  

Ca lcu la ted  t r a n s i e n t s  f o r  t h r e e  v e l o c i t i e s  are shown i n  Fig. 2. 
The de lay  of each t r a n s i e n t  r e f l e c t s  both t h e  d i s t a n c e  between t h e  
Ramsey i n t e r a c t i o n  reg ions  ( lm),  and t h e  d i s t a n c e  from t h e  c a v i t y  t o  
t h e  d e t e c t o r  (.4m), whi le  t h e  r e l a t i v e  amplitude depends on t h e  number 
of atoms wi th  t h a t  v e l o c i t y ,  and t h e  microwave power l eve l .  The 
v e l o c i t y  d i s t r i b u t i o n  and microwave power l e v e l  as prev ious ly  
determined1 were used t o  c a l c u l a t e  t h e  expected t r a n s i e n t .  This was 
c o n v o l u t e d  w i t h  t h e  measured  i m p u l s e  r e s p o n s e  of  t h e  ( f a s t )  
e l ec t rome te r  used on t h e  h o t - w i r e  de t ec to r .  

The beam response of CsVI-C  dur ing  15000 swi tch ing  per iods  was 
d i g i t i z e d  and averaged wi th  a dwell  t i m e  of 50 pslchannel.  The 
temperature  of t h e  h o t w i r e  d e t e c t o r  was r a i s e d  t o  make its response 
time s h o r t  enough t o  be  neglected.  No d i f f e r e n c e  could be seen  between 
t h e  two senses  of t h e  t r a n s i e n t :  low-to-high frequency t r a n s i t i o n  and 
high-to-law. The o v e r a l l  average i s  shown a s  t h e  p o i n t s  i n  Fig. 3. 
The s o l i d  l i n e  i s  t h e  c a l c u l a t e d  curve, s ca l ed  t o  t he  peak cu r r en t .  
The agreement i s  b e t t e r  than 1%. Since t h e  t r a n s i e n t  depends both on 
t h e  Ramsey equa t ion  - and t h e  d r f f t  t i m e  from t h e  second Ramsey r eg ion  t o  
t h e  d e t e c t o r ;  thus  t h i s  i s  another  independent test of t h e  c o r r e c t n e s s  
of  t h e  deduced v e l o c i t y  d i s t r i b u t i o n .  We a t t r i b u t e  t h e  small  r e s i d u a l  
discrepancy t o  the phase t r a n s i e n t  (- 5' peak excurs ion  from t h e  i d e a l  
microwave phase f o r  - 600ps) p re sen t  due t o  t h e  PLL i n  t h i s  12.6 MHz 
swi tch ing  syn thes i ze r .  

The g r e a t  m e r i t  of t h i s  technique is t h a t  d a t a  can be c o l l e c t e d  
w i t h  t h e  c lock  i n  normal opera t ion .  It can monitor bo th  resonance s i z e  
( m c h  l i k e  t h e  second harmonic monitor of commercial cesium c locks ) ,  
and microwave power l e v e l  as seen  by t h e  Cs beam (a change of microwave 
power l e v e l  s h i f t s  t h e  c e n t r o i d  of t h e  t r a n s i e n t ) .  

Servo Tes t  

In  our 28 c lock-years  of exper ience  w i th  primary frequency 
s t a n d a r d s  , t h e  u s u a l  form of  component m a l f u n c t i o n  h a s  been  
c a t a s t r o p h i c  and a t  l e a s t  v i s i b l e  a s  a s t e p  change i n  frequency. 
Our usua l  method of confirming a d i agnos i s  of t h e  problem, and 
r e p a i r i n g  t h e  f a u l t ,  has  been u n i t  replacement. This technique does 
n o t  ca t ch  i n t e r m i t t e n t ,  s i m i l a r  f a i l u r e s  i n  a  u n i t  and i t s  backup. 

A b e t t e r  p lan  than u n i t  replacement i s  t o  have an on-line 
monitor t h a t  can a s s u r e  c o r r e c t  ope ra t i on  of t h e  on-line un i t .  The 
monitor should i d e a l l y  o p e r a t e  on a p r i n c i p l e  as  d i f f e r e n t  as p o s s i b l e  
from the  on-line un i t .  Our new monitor of t h e  s e rvo  i s  shown i n  Fig. 
4. The e l ec t rome te r  ou tput  i s  d i g i t i z e d  and added t o  (o r  s u b t r a c t e d  
from) an accumulator which a c t s  a s  t h e  lock-in a m p l i f i e r  and i n t e g r a t o r  



does i n  t h e  on-line servo. In  our f i r s t  t e s t s ,  we used a 12  b i t  ADC 
wi th  a 400 ~s dwell  t i m e ,  and a computer f o r  the accumulator. With 
t h i s  system, the d i g i t a l  system could only reach a 60% duty  cyc l e ,  bu t  
t h i s  was s t i l l  s u f f i c i e n t  t o  v a l i d a t e  t h e  on-l ine s e r v o ' s  ope ra t i on  i n  
l e s s  than a day, a s  shown i n  Fig.  5, without  d i s t u r b i n g  normal c lock 
opera t ion .  We a r e  now bu i ld ing  a ve r s ion  i n  hardware wi th  a 16 b i t  ADC 
and a 100% duty  cycle.  

Improvements t o  Conventional Clocks 

I n  t h e  30 yea r s  s i n c e  t h e  f i rs t  labora tory  cesium beam frequency 
s t anda rds ,  t h e r e  has been almost a f a c t o r  of lo4 improvement i n  
accuracy,  which has  almost e n t i r e l y  been due t o  work on s t a b i l i z i n g  and 
e x a c t l y  understanding t h e  l ineshape :  t o  t h e  e x t e n t  t h a t  s p e c i f i e d  
accu rac i e s  a r e  now l e s s  than  lo5 of t h e  atomic resonance l inewidth.  
Very l i t t l e  has  been done t o  reduce t he  l inewidth.  Much of t h e  work 
t h a t  i s  i n  progress  (such a s  o p t i c a l  pumping f o r  s t a t e  s e l e c t i o n  and 
d e t e c t i o n )  seem d i r e c t e d  more a t  improvements i n  s t a b i l i t y  - which can 
n o t  n e c e s s a r i l y  be converted i n t o  improvements i n  accuracy. For 
example, t h e  f a c t  t h a t  CsV has been run a t  30 t i m e s  i t s  p r e s e n t l y  used 
beam c u r r e n t  d o e s  n o t  mean t h a t  t h e r e  i s  a p o t e n t i a l  improvement 
i n  a c c u r a c y  a v a i l a b l e ,  a l though t h e r e  i s  a p o t e n t i a l  JIJ-6 improvement 
i n  s t a b i l i t y .  Improvements t o  t h e  accuracy of convent ional  primary 
cesium clocks a r e  c e r t a i n l y  f e a s i b l e ,  but  they w i l l  no t  be dramat ic  
improvements. 

ZACHARIAS FOUNTAIN 

Also 30 yea r s  ago, a non-conventional cesium beam clock was 
designed and cons t ruc ted  (1956). It aimed a t  observing slow Cs atoms 
t h a t  r o s e  a t  -- 10m/s through t h e  microwave c a v i t y  ( 1 s t  Ramsey passage) ,  
fol lowed a narrow parabola  l i k e  a water  d r o p l e t  i n  a f o u n t a i n  t o  drop 
back through the c a v i t y  some 2 seconds l a t e r  (2nd Ramsey passage).  
Th i s  would give a Ramsey l i newid th  of 250 mHz, some 200 t imes narrower 
than  t y p i c a l  present-day primary frequency s tandards ,  and p o t e n t i a l l y  
10 t o  200 times more accu ra t e .  

Zachar ias ' s  system was cryo-pumped us ing  l i q u i d  helium3, bu t  t h e  
c o l l i s i o n  r a t e s  f o r  slow atoms near  t h e  cesium oven were t oo  high and - 
no slow beam was eve r  de t ec t ed .  

In  1984 De Marchi4 re-examined the  Zacharias  founta in ,  adding 
t h e  i d e a s  of o p t i c a l  pumping ( t o  i n c r e a s e  the beam c u r r e n t  by pumping 
a l l  atoms i n t o  t h e  clock t r a n s i t i o n  s t a t e ) ,  o p t i c a l  d e t e c t i o n ,  and 
wide-open Fabry-Perot microwave resonators .  He examined s c a t t e r i n g  
near  t h e  cesium oven and concluded t h a t  wi th  a 300(rnrn)~ source  a r ea ,  
and wi th  t h e  oven ope ra t i ng  a t  350K, an i n t e r e s t i n g  s t a b i l i t y  
commensurate wi th  t h e  p ro j ec t ed  accuracy could be obtained. However, 
ou r  experience l e a d s  us  t o  p r e f e r  a C s  consumption r a t e  some 100 times 
lower than t h i s  f o r  prolonged opera t ion :  thermal sources  a r e  no t  good 
sources  f o r  very  slow cestum atoms. 



Laser Cooling of Atomic Beams 

An atom of mass m t r a v e l l i n g  a t  a  speed v which absorb  
3nva c o u n t e r p r o p a g a t i n g  pho ton  of  frequency v ,  e ergy hv and momentum c, 

'V i.e. i t s  v e l o c i t y  has  h a s  i t s  momentum mv, r e d u c e d  t o  mvt = mv - - - C hv  I n  a c h a r a c t e r i s t i c  t ime  r, t h e  b e e n  r e d u c e d  by ( v  - v t )  = mc. 
l i f e t i m e  of the e x c i t e d  s t a t e ,  t h e  atom w i l l  r e - r ad i a t e  i n  a d i r e c t i o n  
t h a t  i s  random ( n e g l e c t i n g  p o l a r i z a t i o n  . Af te r  N such abso rb t ions  t h e  

w i t h  a  s tandard  d e v i a t i o n  of velocj, , t~ is e x p e c t e d  t o  be vn a v - - mc ' , i n  both t h e  l o n g i t u d i n a l  and t r a n s v e r s e  d i r ec t i on .  

T h i s  p r i n c i p l e  was f i r s t  used w i t h  l a s e r  l i g h t  t o  slow Na atoms. 
In  t h e  f i r s t  experiment5, no at tempt  was made t o  keep t h e  atoms i n  
resonance a s  they slowed down and t h e  Doppler s h i f t  took them ou t  of 
resonance. p h i l l i p s 6  ob ta ined  a continuous beam of slowed atoms by 
Zeeman-tuning the  resonance t o  compensate f o r  the Doppler s h i f t ,  and 
l a t e r  demonstrated t h e  e x i s t e n c e  of s topped and magnet ica l ly  t rapped Na 
atoms. Ertmer e t  a17 chose another  approach t o  s t o p  Na atoms: they 
ch i rped  t h e  l a s e r  f r equenc i e s  t o  compensate f o r  t he  Doppler s h i f t .  
Cesium atoms have been s topped by Watts and wieman8 us ing  ch i rped  
semiconductor diode l a s e r s .  Transverse cool ing  has  been demonstrated 
a s  w e l l  f o r  beams of Na atoms9. 

Thus enormous p rog re s s  has been made towards a c o n t r o l l e d  sou rce  
of slow Cs atoms, which might be s u i t a b l e  f o r  a Zacharias  founta in .  
What f e a t u r e s  will be r equ i r ed  of t h i s  source  t o  be a b l e  t o  a t t a i n  an 
accuracy of < loc5 of t h e  atomic resonance l inewid th?  In our op in ion  
t h e  main f e a t u r e  d e s i r e d  i s  s t a b i l i t y :  t h i s  may r e s u l t  i n  a  p r e f e r ence  
f o r  a  continuous beam such a s  might be e x t r a c t e d  from t h e  Zeeman tuned 
method. I n  a d d i t i o n ,  microwave i n t e r r o g a t i o n  methods w i l l  l i k e l y  have 
t o  be developed t o  handle  t h e  s e rvo  problem i n  t h e  ca se  of f l u c t u a t i n g  
atomic beam i n t e n s i t y  ( r e l a t i v e l y  easy)  and atomic resonance l i newid th  
f l u c t u a t i o n s  due t o  f l u c t u a t i o n a  i n  v e l o c i t y  d i s t r i b u t i o n  (a m c h  
harder  problem). 

In  any case,  t h e r e  now e x i s t s  t h e  p o s s i b i l i t y  of a  source  of 
slow Cs atoms which may be s u i t a b l e  f o r  feed ing  a Zacharias  f o u n t a i n  
w i t h  an i n t e n s e  beam of slow atoms. Although i t  i s  probably premature 
t o  d i s c u s s  a f i n a l  des ign ,  i t  i s  i n s t r u c t i v e  t o  examine whether o r  n o t  
a  workable primary frequency s t anda rd  might be cons t ruc ted  u s ing  only 
demonstrated techniques.  

I n  t h e  f i r s t  examinatlon, we chooee to forego  t r a n s v e r s e  
cool ing9  s i n c e  i ts  l i m i t s  (and hence i t s  opt imal  c o n t r i b u t i o n )  have n o t  
been c l e a r l y  demonstrated. Although t r a n s v e r s e  cool ing  may g r e a t l y  
improve short-term s t a b i l i t y ,  i t  does n o t  appear  necessary t o  invoke 
t r a n s v e r s e  cool ing  t o  o b t a i n  t h e  i n t e n s i t y  of t h e  cooled beam t h a t  is 
requi red  t o  y i e l d  t h e  f u l l  accuracy of t h e  Zacharias  founta in .  



Chirped l a s e r  cool ing7  provides  a  pulsed beam, and t h i s  i s  t o  be 
avoided i n  t h e  quest: f o r  se rvoing  t h e  clock frequency t o  of t h e  
l inewidth.  Zeeman tuning6 can provide a continuous beam pumped i n t o  a 
s i n g l e  hyperf ine subs t a t e .  T h e r e  remains t h e  problem of e x t r a c t i n g  a 
cont inuous,  s t a b l e  beam of atoms i n  t h e  5-10 m / s  range. What i s  
d e s i r e d  is  a v e l o c i t y  s e n s i t i v e  means t o  remove t h e  C s  atoms from t h e  
cyclic r e s o n a n c e  6s / 2  F = 4,  mF = 4 t + 6P F = 5, mF = 5 cool ing  3f2  s t a t e s .  This  might be done by a second a s e r  tuned t o  another  
t r a n s i t i o n .  This  second laser should be s t a b l e  t o  perhaps 10 kHz t o  
avoid c o n t r i b u t i n g  no i se  genera ted  by f l u c t u a t i o n s  i n  Ramsey l i n e  width 
due t o  v e l o c i t y  d i s t r i b u t i o n  f l u c t u a t i o n s .  Another approach t o  o b t a i n  
a continuous slow beam i s  t o  s e l e c t  a p o s i t i o n  i n  t h e  Zeeman s h i f t  
solenoid.  For a g iven  so lenoid  c u r r e n t ,  at: each pos i t i on ,  t h e r e  is a 
v e l o c i t y  d i s t r i b u t i o n ,  and t h i s  might be e x t r a c t e d  by apply ing  a b r u p t l y  
a  Stark shift ( e l e c t r i c  f i e l d  of perhaps SOkV/cm) t h a t  throws t h e  atoms 
s u f f i c i e n t l y  ou t  of resonance t o  enab le  them t o  leave  t h e  solenoid.  

The l e n g t h  S of t h e  d e c e l e r a t i o n  r e g i o y  i n  t h e  so lenoid  depends 
on t h e  d e c e l e r a t i o n  "a" t h a t  can be ob ta ined  (- 5 x 1 0 ~ r n / s ~  f o r  C s )  and 
t h e  i n i t i a l  r e s o n a n t  v e l o c i t y  vo. E f f e c t i v e l y  a l l  a toms i n  t h e  
v e l o c i t y  range  less  t h a n  vo w i l l  be s lowed down. To reach  a  f i n a l  
v e l o c i t y  vf t h e  minimum l e n g t h  S i s  thus  given by vo2 - vf2  = ZaS, o r  

S " 0 In t h e  absence of t r a n s v e r s e  cool ing ,  t h e  h i g h e s t  f l u x  
l o 5  m / s 2  

i s  o b t a i n e d  f o r  a  r e l a t i v e l y  s h o r t  S (eg. 10 cm w i t h  vo = 100 m / s ,  
coo l ing  about 1/50 of t h e  i n i t i a l  C s  beam t o  - 10 m / s ) .  The slow atoms 
l e a v i n g  t h e  so lenoid  should then be separa ted  from the f a s t  atoms, 
perhaps wi th  hexapole l enses .  

The atoms l eav ing  the so lenoid  w i l l  be In one hyper f ine  
s u b s t a t e ,  but no t  i n  t h e  ( 4 , O )  o r  ( 3 , O )  s u b s t a t e s  s u i t a b l e  f o r  clock 
operat ion.  In  add i t i on ,  i t  is very important t o  be a b l e  t o  e v a l u a t e  
t h e  C f i e l d  u s ing  t h e  (4,+1) + + (3,+1) and (4,-1)  4 + (3,-1) microwave 
t r a n s i t i o n s .  The r equ i r ed  (almost  pure) s u b s t a t e  p repa ra t i on  can be 
ob ta ined  by repea ted  a d i a b a t i c  f a s t  passage10 : eg. t h e  sequence (4 ,4)  + 

( 4 , 3 )  + ( 4 , l )  + (4,O) (and sometimes + (4,-1) f o r  C f i e l d  e v a l u a t i o n ) ,  

The Fabry-Perot open r e sona to r s  suggsted by De Marchi4 may he 
s u i t a b l e  f o r  t he  Ramsey microwave resonator .  However, more i n t r i c a t e  
r e s o n a t o r s  w i t h  p e r h a p s  3 m i c r o w a v e  f r e q u e n c i e s ,  p r e s e n t  
s imultaneously,  may be u se fu l  i f  t h e r e  is noise  due t o  v a r i a t i o n s  i n  
t h e  Ramsey resonance l i newid th  due t o  f l u c t u a t i o n s  i n  v e l o c i t y  
d i s t r i b u t i o n .  

The C f i e l d  r equ i r ed  t o  r e so lve  t h e  Rabi p e d e s t a l s  w i l l  be i n  
t h e  range of 0.5 t o  4 m i l l i g a u s s ,  depending on t h e  r e sona to r  design. 
Depending on the  p u r i t y  of t h e  a d i a b a t i c  f a s t  passage s u b s t a t e  
p repa ra t i on  t h a t  could be ob ta ined ,  s i g n i f i c a n t l y  lower C f i e l d s  might 
be  s u i t a b l e .  Thus t h e r e  appears  t o  be no insurmountable o b s t a c l e  i n  
eva lua t ing  t h e  C f i e l d  f requency o f f s e t  t o  a few p a r t s  i n  1016. 



The i d e a l  d e t e c t o r  f o r  the  Zacharias  foun ta in  would be s t a t e  
s e n s i t i v e ,  t o  measure t he  i n t e n s i t y  r a t i o  of t h e  (4,O) t o  (3,O) s t a t e s  
a f t e r  t h e  atoms' second passage (down t h i s  t ime) through t h e  Ramsey 
resona tor .  This would e l i m i n a t e  n o i s e  due t o  i n t e n s i t y  f l u c t u a t i o n s  i n  
t h e  process  of cool ing  and prepar ing  the (4,O) s t a t e  beam. The 
d e t e c t o r  should a l s o  be l a r g e  i n  a r e a  (10 - 100cm2), c o n t r i b u t e  no 
no i se ,  and be pos i t ion-sens i t ive .  A l l  t he se  wonderful a t t r i b u t e s  
a p p e a r  t o  be  a v a i l a b l e  f rom a two-photon (one  r e s o n a n t ,  o n e  
non-resonant) pho to ion iza t ion  de t ec to r .  

Conclusion 

Dramatic improvement of the accuracy of cesium beam primary 
frequency s tandards  (now a f e w  p a r t s  i n  1014) appears  t o  r e q u i r e  a 
correspondingly g r e a t  i n c r e a s e  i n  t h e  obse rva t ion  time of t h e  atoms i n  
t h e  cesium beam. One approach has  been presented:  the  Zacharias  
f o u n t a i n  f e d  by a laser-cooled beam of slow C s  atoms. There appears  t o  
be  no problem which would admit of no so lu t ion .  A r e a l i s t i c  u l t i m a t e  
g o a l  f o r  such a primary frequency s tandard  might be an accuracy of a 
few p a r t s  i n  1016 i n  a s t anda rd  capable  of cont inuous opera t ion .  

I 

REFERENCES 

J.-S. Boulanger, R.J. Douglas, J. Vanier, A.G. Mungall, Y.S. L l ,  and 
C. Jacques,  "On t h e  Accuracy of Ce Beam Primary Frequency Standards", 
Proceedings of t h e  S ix t een th  Annual P rec i se  Time and Time I n t e r v a l  
(PTTI) Appl ica t ions  and Planning Meeting, 59-66 (1984). 

N. Ramsey, "Molecular Beams", Clarendon Press ,  Oxford, pg. 124, f f .  
(1956). 

I 
I 

Bob Veesot , p r i v a t e  communication. 

A. De Marchi, "The Opt i ca l l y  Pumped Cesium Fountain: 10-I= Frequency 
Accuracy?", Fk t ro log ia  - 18, 103-116 (1982). 

5S.V. Andreev, V.I. Balykin, V.S. Letokhov and VoG. Minogin, 
"Radiat ive Slowing and Reduction of t h e  Energy Spread of a Beam of 
Sodium Atoms t o  1.5 K i n  an Oppositely Directed Laser Beam", Pis'ma 
Zh. Eksp. Teor. Fizo x, 463-467 (1981). T r a n s l a t i o n  i n  JETP 
L e t t e r s  34, 442-445. 

W.D. P h i l l i p s  and H. Metcalf ,  "Laser Dece le ra t ion  of an  Atomic Beam", 
Phys. Rev. ht t .  5 596-599 (1982). 

W. Ertmer, R. Blatt, J.L. Hal l  and M. Zhu, "Laser Manipulation of 
Atomic Beam Veloc i t i e s :  Demonstration of Stopped Atoms and Veloc i ty  
Reversal",  Phys. b v .  ht t .  5S, 996-999 (1985). 

R.N. Watts and C.E. Wieman, "Stopping Atom with Mode bsers", 
p r e p r i n t  (1985). 



V. I. Balykin, V. S .  k tokhov  and A . I .  Sidorov, "Radiative Collimation 
of an Atomic Beam by Two-Dimensional Cooling by a Laser Beam", Pis'ma 
Zh. Eksp. Tear. Fiz .  40 251-253 (1984). Translation i n  JETP Letters  

-9 

40 1026-1029. 
-9 

W .  &eves, H. Jinsch, E. Koch and D. Fick, "Production of Atomic 
Alkali-Metal Beams i n  Single Hyperfine Sublevels" , Phys. Rev. L e t t .  
50, 1759-1762 (1983). - 

200 400 600 
Velocity (m/s) 

F i g .  1 - Velocity d is tr ibut ions  for  a CeVI clock, determined using the 
method of reference 1. The lower curve i s  for an oven temperature of 
8 5 ' ~ ,  and has an average v e l o c i t y  of  248.5 m/s. The upper curve shows 
t h e  e f fec t  of ra i s ing  the oven temperature t o  95OC: the average 
v e l o c i t y  i s  250.9 mls. 
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Fig. 3 - Experimental and theoretical transients for CsVI-C.  I h e  dots 
are measured values and the solid curve I s  c a l c u l a t e d ,  using no free 
parameters except  a sca l ing  t o  the experimental  beam current i n  the 
transient. 



to  VCXO 

servo _L. 
to strip chart recorder I 

Fig. 4 - Schematic diagram of the e s s e n t i a l s  of the servo lock-in 
amplifier and the d i g i t a l  servo checker. 

1 
Fig. 5 - Strip chart recording showing the difference between the servo 
lock-in a m p l i f i e r  (servo loop c l o s e d )  and the d i g i t a l  servo checker 
(running with a 60% duty cycle) .  The uni t s  o f  the vertical scale 1 

i 
correspond t o  a fract ional  frequency o f f s e t  of 
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